Sickle cell anemia (SCA) is a genetically inherited hemolytic disorder characterized by chronic inflammation. Cytokine expression affects the pivotal pathways that contribute to disease pathogenesis, but the mechanisms involved are not well understood. SCA is associated with a proinflammatory state, and an enhanced inflammatory response occurs during vasoocclusive crisis. The immune system thus plays an important role in this inflammatory condition, with several cell types secreting pro-inflammatory cytokines that contribute to the occurrence of common cyclical events in SCA patients, such as hemolysis, vascular occlusion and inflammation. Studies of these cytokines and chemokines in SCA patients have clarified the mechanisms that underlie this disease and highlighted the need for a better understanding of cytokine participation in SCA pathophysiology.
INTRODUCTION
Sickle cell anemia (SCA) is an inherited disorder characterized by homozygosis for the mutation that causes hemoglobin S (HbS) production. This point mutation (GAG > GTG) occurs in the sixth codon of the beta globin gene (HBB) and causes valine to replace glutamic acid in the sixth amino acid of the beta (β) globin chain of the hemoglobin molecule. SCA patients have a heterogeneous clinical outcome characterized by painful vaso-occlusive crises, stroke, priapism, pulmonary hypertension, acute chest syndrome (ACS) and chronic organ injuries. As a result of this mutation, deoxygenated hemoglobin molecules undergo a polymerization process that is considered the primary event leading to the pathogenesis of SCA [1] .
Sickled red blood cells, as well as leukocytes, platelets and the vascular endothelium, are elements that obstruct vessels and trigger vaso-occlusive crises. The hemolysis that occurs in SCA can be both extravascular and intravascular. Intravascular hemolysis occurs when red blood cells (RBCs) rupture and release free hemoglobin into the plasma. Free hemoglobin has inflammatory and oxidant effects that lead to endothelium dysfunction. Other hemolysis products, including heme, reactive oxygen species (ROS) and reactive nitrogen species, are also released into the bloodstream, where they cause increased oxidative stress and decreased plasma levels of the vasodilator nitric oxide (NO) [2] . Increased ROS and RNS levels and decreased NO levels contribute to the activation of RBCs, leukocytes, platelets and endothelial cells. This activation leads to increased production of proinflammatory and anti-inflammatory cytokines, which gives SCA the characteristics of a chronic inflammatory disease [1, 3] (Figure 1) .
Several cytokines, such as interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α), are associated with the activation of leukocytes, particularly monocytes and neutrophils, in SCA. Several other cytokines are also involved in the chronic inflammatory state that is present in SCA. The activation of cells and the release of cytokines stimulate the NF-κB transcription factor pathway, which regulates the production of interleukin-4 (IL-4), interleukin-6 (IL-6) and interleukin-8 (IL-8). IL-6 and IL-8 production are also enhanced by the STAT3 intracellular pathway and proinflammatory activities [4] . Recently, the involvement of several other cytokines, such as IL-18, IL-17, IL-23, IL-12 and IL10, in inflammatory responses in SCA patients has been described. Because of the extensive participation of cytokines in the inflammatory processes involved in SCA pathology, this review of the cytokines and signaling pathways involved in SCA will contribute to an improved understanding of SCA pathology, especially the pathology of inflammatory vasoocclusive events.
INFLAMMASOME, IL-1β AND IL-18
The junction of many inflammatory molecules is the basis of the inflammasome [5] . This complex forms in response to danger signals [6] , and the efficiency of the immune response depends not only on the presence of foreign antigens but also on the release of signaling molecules by stressed or damaged tissues [7] . In SCA, danger signals can be generated by hypoxia and metabolic acidosis, which lead to cell necrosis, hypokalemia and the formation of uric acid and ADP [8] .
The imbalance or disruption of cellular integrity can trigger the formation of an inflammasome complex [5] . Inflammasomes activate a class of caspases known as inflammatory caspases [9] , whose protease activity promotes the conversion of IL-1 beta (IL-1β) and IL-18 to their active forms [10] . Pro-inflammatory cytokines influence the clinical profile of SCA patients by increasing the adhesion of RBCs and leukocytes to the endothelium. These adhered cells trigger a cycle of increasing aggregation of sickled RBCs, platelets and neutrophils, which causes microvascular occlusion [11] . Qari et al. (2012) observed higher plasma concentrations of IL-1β in SCA patients during both the steady state and painful crises than in control subjects. However, higher levels were observed during the steady state than during painful crises. In 2011, Asare et al. demonstrated that plasma IL-1β levels are a good predictor of stroke outcome. In addition, high plasma IL-1β levels were associated with protection against stroke development in juvenile SCA patients with altered transcranial Doppler studies [12] . Other studies highlighted the need for an IL-1β-targeted therapeutic approach for the treatment of SCA in patients with a severe clinical profile [13] .
Our team was the first to demonstrate that the inflammasome complex plays a role in SCA [14] . We observed increased serum IL-18 levels in SCA patients. Levels of this cytokine were positively correlated with classic danger signals, including uric acid and the hemolysis marker lactic dehydrogenase (LDH), which is indirectly related to oxidative stress. In SCA patients, intravascular hemolysis increases ROS production, which is a highly conserved signal involved in damage and stress sensing. The release of ROS promotes vascular occlusion by 2 mechanisms: classical endothelial activation and ROS-mediated activation of the inflammasome via membrane receptors like NALP3 [15] . In addition, SCA patients with the highest serum concentrations of uric acid displayed increased serum concentrations of IL-18, which strongly suggests that the inflammasome plays a role in SCA. These studies demonstrate that IL-1β and IL-18 are important players in vascular modulation and clinical pathology in SCA patients, but further analysis is needed to understand the interaction of these cytokines with other cytokines, oxidative molecules, classic prognosis markers and epigenetic factors.
IL-6 AND IFN-γ
Sickle cell anemia is characterized by painful vasoocclusive crises (VOC), chronic inflammation and recurrent infections. In the early stages of an infection, CD4+ T cells differentiate into two main classes of effectors: TH1 cells induce cytotoxic CD8+ T cells and the inflammatory response, resulting in the production of cytokines, such as interleukin-12 (IL-12), interleukin-2 (IL-2), interferon gamma (IFN-γ) and TNF-γ; and TH2 cells produce cytokines such as IL-4, IL-5, IL-6 and IL-10, which are important in the production of antibodies. TH1 and TH2 cells play distinct roles in physiological and pathological conditions [16] [17] [18] .
The interleukin-6 cytokine family promotes a variety of cellular functions, including differentiation, maturation, proliferation and survival. These cytokines are defined by their common usage of the widely expressed signal-transducing b subunit of the transmembrane receptor glycoprotein 130 (gp 130), which is a member of the class of type I cytokine receptors [19, 20] .
IFN-γ is a glycoprotein produced by CD4+ and CD8+ T cells after activation by natural killer (NK) cells. The immunoregulatory functions of IFN-γ are diverse and include the activation of mononuclear phagocytes, the upregulation of class I molecules of the major histocompatibility complex (MHC-I), the stimulation of NK cell cytolytic activity and the activation of neutrophils [21] .
In a study performed in Oman, Pathare et al. (2004) demonstrated that the mean serum level of IFN-γ was higher in SCA patients than in control subjects. This difference was significant in patients during the steady state but not during crises [11] . In this study, the mean serum concentration of IL-6 was higher in SCA patients than in normal controls, and there was also a significant increase in IL-6 levels in crisis patients when compared to steady-state patients. Hibbert et al. (2005) showed that the IL-6 levels were significantly higher in the SCA group than in healthy subjects [22] . Veiga et al. (2013) used microarrays to investigate cytokine levels in SCA patients with periodontal inflammation and found that the SCA group displayed significantly higher levels of various cytokines (p < 0.05), including IFN-γ, than the control group. There was also elevated production of IL-6 in these patients than in control patients, but this difference did not reach statistical significance [23] .
SCA patients with a history of chronic transfusion therapy were recruited from the hematology clinic at the Children's Hospital and Research Center Oakland (CHRCO) at the time of a clinically indicated liver biopsy for the evaluation of iron overload. Inflammatory cytokine levels were higher in SCA patients than in control subjects. Although the observed differences in IFN-γ levels were not statistically significant, IL-6 levels were significantly higher in SCA patients than controls [24] . Plasma IL-6 levels were significantly elevated in patients during both painful crises and the steady state when compared to the age-matched control group. Surprisingly, IL-6 levels were significantly higher during the steady state than during painful crises. Plasma levels of IFN-γ showed a slight elevation during painful crises when compared to the steady state, but this difference was not statistically significant when compared to the healthy, age-matched control group [25] .
The reported data concerning IL-6 and IFN-γ levels in SCA patients are inconsistent. Some investigators report elevated plasma levels of these proinflammatory cytokines, supporting a role for cytokine driven inflammation. Other investigators report normal or reduced levels of the same proinflammatory cytokines. These conflicting reports highlight the need for further studies regarding the role of these cytokines in SCA.
IL-8 AND TNF-α
Interleukin-8 is a pro-inflammatory member of the CXC chemokine family and is involved in both endothelial cell proliferation and angiogenesis [26] . This chemokine is produced by several types of cells, such as neutrophils, endothelial cells, macrophages and fibroblasts [27] , and has a number of effects including re-arrangement of the cytoskeleton, changes in intracellular Ca++ levels, activation of integrins and promotion of protein-granule exocytosis and the respiratory burst [28] . The IL-8 receptors CXCR1 and CXCR2, which are expressed mainly by neutrophils, enhance neutrophil recruitment and promote defense against bacterial pathogens [26, 29] . The proinflammatory cytokine TNF-α is produced mainly by monocytes/macrophages, but other cells, such as T-cells, smooth muscle cells, adipocytes and fibroblasts, can also produce this cytokine. TNF-α is named for its ability to stimulate tumor necrosis and regression in vivo [27] . Biological responses to TNF-α are mediated by two groups of receptors, TNFR55 and TNFR 75, which are present on the membrane of several types of cells, excluding RBCs [30] .
IL-8 induces leukocyte chemotaxis, and TNF-α stimulates increased expression of adhesion molecules on endothelial cells, contributing to leukocyte adhesion. Both cytokines stimulate RBC adhesion to endothelial cells [11] . In addition, these cytokines induce neutrophil degranulation, capillary leak and vasoconstriction [11] , and TNF-α inhibits cell proliferation and induces cell death [27] .
IL-8 and TNF-α contribute to the vascular inflammatory state that is present in various inflammatory diseases, including SCA. As mentioned previously, these cytokines induce increased adhesion of RBC and leukocytes to the vascular endothelium, and this adhesion can cause vaso-occlusion and local hypoxia [11] . Several studies have shown that patients display higher levels of a number of cytokines, especially IL-8, during VOC than during the steady state [11, [31] [32] [33] [34] . In contrast to these findings, other studies showed that the levels of IL-8 were similar between patients in crises and patients in steady-state [35] . In addition, although SCA patients in VOC had higher levels of TNF-α than patients in the steady-state group, this difference was not statistically significant [36] . Hypoxia is a common consequence of vaso-occlusion. One study reported that hypoxia induces IL-8 expression [37] , contributing to increased plasma IL-8 levels and vascular inflammation.
SCA patients who are treated with hydroxyurea (HU) display an altered profile of IL-8 and TNF-α levels. Treatment with HU is associated with increased serum levels of circulating IL-8 [31] . Other studies reported conflicting results, demonstrating that patients undergoing HU therapy displayed significantly lower plasma levels of IL-8 [34, 38] . Other studies showed that HU did not significantly increase [36] or decrease [34] plasma TNF-α concentrations.
In addition, IL-8 levels are positively correlated with HbS and negatively correlated with F hemoglobin (HbF) [32] . Tavakkoli et al. (2004) showed that an increase in HbF concentration was not associated with a significant change in plasma TNF-α levels [36] .
These results demonstrate that increased levels of circulating IL-8 and TNF-α are associated with increased hemolysis, vascular occlusion and inflammation. However, further studies are needed to understand the interrelationships of IL-8 and TNF-α with other proinflammatory cytokines in SCA patients.
IL-17 AND TGF-β
Ischemic events that result from the occlusion of major and minor vessels involve interactions between RBCs, leukocytes and the endothelium, and these interactions are regulated by cytokines secreted by leukocytes, adhesion molecules and, consequently, the immune response, which is involved in the initiation and development of crises in SCA [39] . The importance of cytokine IL-17 is well established [40] , but recent data has demonstrated that IL-17 is produced by a subset of T cells, named Th17 cells, that is distinct from TH1 and TH2 cells [41] . IL-17 plays an important role in allergic responses and promotes inflammation by inducing the production of inflammatory cytokines and chemokines, the recruitment of neutrophils, the production of antibodies and the activation of T cells [42] . The differentiation of TH17 cells from naïve cells requires transforming growth factor-beta (TGF-β) and the subsequent expansion of the TH17 lineage requires IL-23 [43] .
The roles of IL-17 and TGF-β in SCA are not well understood. Keikhaei et al. (2013) recently observed higher levels of IL-17 and TGF-β in steady-state patients than in healthy controls, but there was no difference between steady-state and crisis patients. The authors also demonstrated that HU-treated patients displayed lower levels of IL-17 than patients who did not receive this treatment [31] . Our team demonstrated a positive correlation between levels of free serum arginase and the levels of TGF-β in HbSS patients [44] . This finding raises the possibility that TGF-β induces upregulation of the arginase pathway and downregulation of the NO pathway. This switch in arginine metabolism could play a role in vascular activation and the increased serum arginase levels that lead to chronic hemolysis in HbSS individuals.
The role of IL-17 and TGF-β cytokines in HbSS pathophysiology remains unclear. Recent studies have demonstrated interesting changes in serum levels of these cytokines in SCA patients. These results warrant further investigation.
IL-12 AND IL-23
IL-12 and IL-23 are proinflammatory cytokines produced by macrophages and dendritic cells in response to microbial pathogens [45, 46] . IL-12 regulates both innate and adaptive immunity. A major function of IL-12 is the induction of IFN-γ production by NK cells, T cells, B cells, and even antigen-presenting cells. Thus, IL-12 appears to be the main cytokine that regulates TH1 differentiation. In addition, IL-12 antagonizes TH 2 differentiation and the production of IL-4, IL-5 and IL-13 [45] .
Like IL-12, IL-23 induces the production of IFN-γ by human T cells. In addition, IL-23 plays a key role in TH17 development by stabilizing both IL-17 expression and the TH17 phenotype. However, IL-23 is not a differentiation factor for TH17 cells and instead contributes to the induction of a pathogenic phenotype in TH17 cells [47] . IL-12 can also negatively affect the development, homeostasis and function of nTreg cells by limiting IL-2 expression [48] .
There are few reports in the literature pertaining to the role of IL-12 in SCA. Taylor et al. (1999) [49] investigated the levels of several TH1 cytokines in both steady-state SCA patients and healthy control subjects, but detectable levels of IL-12 were not observed in either group. This result could be because the expression of significant amounts of IL-12 depends on microbial infection or altered immune responses, such as those observed in chronic immune-mediated diseases. Thus, it remains important to investigate IL-12 levels in SCA patients during crises. Hassan et al. (2009) performed a similar study of HbAS children who were infected with Plasmodium falciparum. Surprisingly, detectable levels of IL-12 were found in patients with mild malaria, but not in asymptomatic individuals. This finding could be related to the low levels of IL-10 that are typically associated with this infection, as IL-10 is a potent inhibitor of IL-12 [50] .
With respect to the relationship between IL-23 and SCA, there is a report that investigated the possible association of IL-23 with arginase levels, an important molecule in the clinical outcome and in the vascular endothelium in inflammatory diseases. Hence, IL-23 was detected in steady-state patients, but it was not correlated to arginase, which was considered an interesting result [44] .
ANTI-INFLAMMATORY CYTOKINES
IL-4 is an anti-inflammatory cytokine that participates in the regulation of the immune system at multiple levels. IL-4 promotes TH2 cell differentiation and inhibits TH1 cell differentiation. IL-4 is also a growth and survival factor that protects lymphocytes from apoptosis [51] . This cytokine plays an important role in the pathogenesis of allergic disease, particularly atopic asthma, and is essential for immune responses to parasitic infections [52] . In addition, IL-4 is affected by several alternative pathways of immune regulation, including alternative mRNA splicing. This process yields at least two functional isoforms of IL-4, full-length IL-4 and IL-4δ2. These variants have similar effects, but they can bind different types of receptors on the surface of target cells. Considering the varied functions of IL-4, abnormal regulation of this cytokine may cause immune disease [53] .
The role of IL-4 in SCA is controversial. While some studies have reported that IL-4 levels increase during VOC, other studies have demonstrated that IL-4 levels are higher during the steady-state [39, 54] . In 2000, an investigation of the TH2 cytokine levels in SCA patients revealed that plasma IL-4 levels were significantly higher among steady-state HbSS patients than HbAA and HbAS individuals. In addition, the ratios of plasma IL-2 to IL-4 and IFN-γ to IL-4 were significantly lower in HbSS patients than in the other groups, suggesting a possible mechanism for the predisposition of SCA patients to bacterial infections [54] . A recent study of SCA patients with asthma in Jamaica and London indicated that IL-4 levels may differ between children in developed countries and children in developing countries [55] .
Although IL-10 is mainly produced by activated CD8+ cells, it can also be produced by other types of cells, such as activated TH0, TH1 and TH2 cells, B lymphocytes, mast cells and lipopolysaccharide-activated monocytes. The synthesis of IL-10 is inhibited by IL-4 and by itself [56] . IL-10 is an anti-inflammatory cytokine whose main effect is inhibition of the synthesis of various cytokines, such as TNF-α, GM-CSF, IL-1, IL-6, IL-8 and IL-12, to promote the uptake and retention of iron within monocytes and the reticuloendothelial system. IL-10 also inhibits the proliferation of TH1 cells, decreasing cytolytic function and the secretion of TH1 cytokines and facilitating the development of a TH2 response [57] .
There are conflicting reports on the role of IL-10 in SCA patients. One study demonstrated that patients undergoing HU therapy had high levels of IL-10, but the mechanism was not described [34] . In 2009, a Sudanese study of children with malarial infection demonstrated that asymptomatic children with sickle cell trait had significantly lower levels of IL-10 than HbAA children with severe malaria. However, these children had higher IL-10 levels than HbAA children with mild malaria. These results suggest that IL-10 has a protective effect against the occurrence of severe malaria in patients with sickle cell trait [50] . A study of inflammation and ironoverloading observed higher levels of IL-10 and lower levels of non-transferrin bound iron in SCA patients than in thalassemia patients, confirming the contribution of this cytokine to the regulation cellular iron status [24] . Thus, abnormal production of these anti-inflammatory cytokines can affect both cell-mediated and humoral immune responses and increase the risk of morbidity in sickle cell patients.
CONCLUSION
SCA is an inherited disorder characterized by homozygosis for HbS, and a number of cytokines have been implicated in disease severity. Understanding the roles of different cytokines in the pathology of SCA is essential for the development of effective therapies for this disease. While some cytokines, such as TNF-α, IL-1β, IL-6 and IL-8, have been extensively studied in the context of SCA, the role of other cytokines in SCA pathology remains less clear. This review highlights several cytokines that are likely to be important in the pathophysiology of SCA.
